Autotrophic microorganisms are able to utilize carbon dioxide as their only carbon source, or, alternatively, many of them can grow heterotrophically on organics. Different variants of autotrophic pathways have been identified in various lineages of the phylum Crenarchaeota. Aerobic members of the order Sulfolobales utilize the hydroxypropionate-hydroxybutyrate cycle (HHC) to fix inorganic carbon, whereas anaerobic Thermoproteales use the dicarboxylate-hydroxybutyrate cycle (DHC). Knowledge of transcriptional regulation of autotrophic pathways in Archaea is limited. We applied a comparative genomics approach to predict novel autotrophic regulons in the Crenarchaeota. We report identification of two novel DNA motifs associated with the autotrophic pathway genes in the Sulfolobales (HHC box) and Thermoproteales (DHC box). Based on genome context evidence, the HHC box regulon was attributed to a novel transcription factor from the TrmB family named HhcR. Orthologs of HhcR are present in all Sulfolobales genomes but were not found in other lineages. A predicted HHC box regulatory motif was confirmed by in vitro binding assays with the recombinant HhcR protein from Metallosphaera yellowstonensis. For the DHC box regulon, we assigned a different potential regulator, named DhcR, which is restricted to the order Thermoproteales. DhcR in Thermoproteus neutrophilus (Tneu_0751) was previously identified as a DNA-binding protein with high affinity for the promoter regions of two autotrophic operons. The global HhcR and DhcR regulons reconstructed by comparative genomics were reconciled with available omics data in Metallosphaera and Thermoproteus spp. The identified regulons constitute two novel mechanisms for transcriptional control of autotrophic pathways in the Crenarchaeota.
T
he Thermoproteales and Sulfolobales are two groups of thermophilic archaea from the phylum Crenarchaeota. Members of both groups can grow under autotrophic conditions by using carbon dioxide as a carbon source (1, 2) . Studies of model organisms revealed the presence of two distinct autotrophic carbon dioxide fixation pathways in these crenarchaeal lineages (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Thermoproteus neutrophilus and other Thermoproteales possess the dicarboxylate/4-hydroxybutyrate cycle (DHC), whereas Metallosphaera sedula and related Sulfolobales use the 3-hydroxypropionate/ 4-hydroxybutyrate cycle (HHC). These two autotrophic pathways share seven common reactions of conversion of succinyl coenzyme A (succinyl-CoA) to acetyl-CoA; however, other steps of incorporation of carbon dioxide into organic compounds differ between the cycles (Fig. 1) . In the Sulfolobales, two molecules of carbon dioxide in the bicarbonate form are incorporated into metabolic intermediates by the bifunctional enzyme acetyl-CoA/ propionyl-CoA carboxylase encoded by the accABC genes (13) . In the Thermoproteales, one molecule of carbon dioxide is used to convert acetyl-CoA to pyruvate by one of two pyruvate synthases encoded by porABDG and korAB, respectively, and one additional molecule of bicarbonate is used to convert phosphoenolpyruvate to oxaloacetate by phosphoenolpyruvate carboxylase (ppcA).
Both pathways produce important intermediates of the central carbon metabolism, including acetyl-CoA, pyruvate, phosphoenolpyruvate, and succinyl-CoA (1) .
Interconnection of the DHC and HHC pathways with the central carbon metabolism requires transcriptional regulation of autotrophic carbon dioxide cycle genes. Indeed, microarray transcriptional response analysis of M. sedula showed significant upregulation of the characteristic HHC enzymes under au-totrophic versus heterotrophic conditions (7, 14) . However, the mechanism of transcriptional regulation of the HHC pathway in the Sulfolobales is currently unknown. In T. neutrophilus, the combined analysis of enzyme activity, the proteome, and transcription revealed that most of the DHC enzymes were induced in cultures grown autotrophically on carbon dioxide in comparison with cells grown in the presence of organic substrates, such as acetate (15) . Genes encoding four key enzymes from the DHC pathway in T. neutrophilus are organized into a single cluster that contains two divergently oriented leaderless transcripts, scr-4hbl and 4hbd-frdA-frdB, and both of these transcripts were significantly downregulated in cells grown in the presence of acetate. A hypothetical protein encoded by the Tneu_0751 gene was found to bind with high affinity to the 127-bp promoter region of the scr-4hbl and 4hbd-frdA-frdB operons (15) . Because of the constitutive expression of Tneu_0751, it was proposed that this potential autotrophic regulator responds to some inductor or effector molecule that governs its promoter binding. However, other target genes and DNA-binding sites of the putative regulator Tneu_0751 were still unknown.
We previously applied the comparative genomics approach for reconstruction of DtxR family regulons in diverse lineages of Archaea (16) . In this work, we used this bioinformatics approach to infer novel cis-regulatory elements and to reconstruct regulons for autotrophic pathway genes in the Thermoproteales and Sulfolobales lineages of Archaea. We report the identification of two distinct DNA motifs that potentially control the DHC and HHC genes, respectively, in these two lineages. The novel DNA motif in Thermoproteales is a predicted target of Tneu_0751 and its orthologs (named DhcR), whereas the Sulfolobales-specific DNA motif was predicted to be associated with a novel TrmB-like transcriptional regulator (named HhcR). DNA-binding assays with the purified HhcR protein from Metallosphaera yellowstonensis confirmed its predicted DNA motif. A comparison with global transcriptomic and proteomic data previously obtained for M. sedula, Metallosphaera cuprina, and T. neutrophilus grown either Genes from the HhcR and DhcR regulons are in pink and blue, respectively. The numbers of genomes in which HhcR or DhcR sites were observed in regulatory gene regions are indicated by numbers in pink and blue circles. Enzyme reactions are indicated by italic numbers next to arrows: 1, succinyl-CoA reductase; 2, succinic semialdehyde reductase; 3, 4-hydroxybutyryl-CoA synthetase; 4, 4-hydroxybutyryl-CoA dehydratase; 5, crotonyl-CoA hydratase; 6, 3-hydroxybutyryl-CoA dehydrogenase; 7, acetoacetyl-CoA ␤-ketothiolase; 8, pyruvate synthase; 9, pyruvate-water dikinase; 10, phosphoenolpyruvate carboxylase; 11, malate dehydrogenase; 12, fumarate hydratase; 13, fumarate reductase; 14, succinyl-CoA synthetase; 8=, acetyl-CoA carboxylase; 9=, malonyl-CoA reductase; 10=, malonate semialdehyde reductase; 11=, 3-hydroxypropionyl-CoA synthetase; 12=, 3-hydroxypropionyl-CoA dehydratase; 13=, acryloyl-CoA reductase; 14=, propionyl-CoA carboxylase; 15=, methylmalonyl-CoA epimerase; 16=, methylmalonylCoA mutase.
autotrophically or heterotrophically provided additional validation and enrichment of the genomic reconstruction of HhcR and DhcR regulons. (18), which were downloaded from the Integrated Microbial Genomes database (19) . Identification of orthologs was performed using BLAST against the "nr" database (20) and the bidirectional best-hit method implemented in the Genome Explorer software (21) . Multiple alignments were built by MUSCLE (22) . Identification of a common DNA motif in gene upstream regions was performed by MEME (23) . Motif-specific positional weight matrices were built using the SignalX program (24) . For functional protein annotations, distant homology to characterized proteins was determined using BLAST against the Swiss-Prot database. Autotrophic pathway enzymes were annotated using a compilation of recent publications (3) (4) (5) (6) (7) (8) (9) . Protein domain families were determined by sequence similarity search tools implemented in the Pfam database (25) . Conserved gene neighborhoods were analyzed using the Gene tree tool in the MicrobesOnline Web server (26) . Logo diagrams for DNA motifs were created using the WebLogo program (27) .
MATERIALS AND METHODS

Bioinformatics tools and databases.
Regulon identification and analysis. For reconstruction of autotrophic regulons in archaeal genomes, we used the comparative genomics approach that was previously extensively used for the inference of cis-acting regulatory elements in regulatory networks of Bacteria. Regulons are sets of genes that are coregulated by the same transcription factor (TF) in a single genome. The comparative genomics approach is based on the assumption that regulons have a tendency to be conserved between related genomes containing orthologous TFs (28) . Simultaneous analysis of multiple genomes from the same taxonomic group allows one to make reliable predictions of TF-binding sites (TFBSs) even with weak recognition rules. After validation of TFBSs by comparative genomics, the improved positional weight matrix is used to scan the genomes for the presence of additional TFBSs contributing to regulon expansion beyond the initial training sets. This leads to another cycle of iterative refinement aimed at maximizing the coverage and consistency of the reconstructed regulons.
We first collected training sets of upstream DNA regions of potentially coregulated genes involved in the autotrophic pathways and their orthologs in the two groups of genomes analyzed. The Sulfolobales-specific training set included the HHC pathway genes that were significantly upregulated under autotrophic conditions in the transcriptomic analyses of M. sedula (7, 14) (see Table S1 in the supplemental material). For the Thermoproteales group, the training set included the DHC pathway genes from the comparative proteome and enzyme activity studies of autotrophically and heterotrophically grown cells of T. neutrophilus (15) , including Tneu_0418 to Tneu_0422, Tneu_1797 to Tneu_1795, and Tneu_1204. For each training set of genes, we determined orthologs in related genomes, analyzed the potential operon structure of their loci, and collected their upstream DNA regions. The prepared training sets of upstream regions from the Sulfolobales and Thermoproteales lineages were used for a search of lineage-specific conserved DNA motifs using MEME. We allowed MEME zero or one site per upstream sequence. The identified putative regulatory DNA motifs were refined using the phylogenetic footprinting approach (28) by construction of multiple alignments of orthologous upstream regions (see Fig. S1 in the supplemental material). The validated candidate regulatory sites were used to build a positional weight matrix (or profile) using the SignalX software. Each genome in both archaeal lineages was scanned with the constructed profile using Genome Explorer software (21) , and genes with candidate regulatory sites in their upstream regions were selected. We analyzed only 5= untranslated gene regions up to 250 nucleotides upstream of the translation start site. z scores of candidate sites were calculated as the sum of the respective positional nucleotide weights. The threshold for the site search was defined as 10% lower than the weight of the weakest site in each of the training sets. All identified candidate regulon members were verified by the consistency check approach to eliminate false-positive site prediction (28) . This approach is based on the assumption that regulatory interactions tend to be conserved in closely related species. The reconstructed regulons included groups of orthologous genes that have potential regulatory sites in three or more genomes.
Gene cloning and protein purification. The hhcR gene (GenBank accession no. EHP68520.1; locus tag MetMK1_29590) from M. yellowstonensis MK1 was synthesized by GenScript Inc. with optimized codons for expression in Escherichia coli. The synthesized gene fragment was cloned into the pET-49b expression vector (Novagen Inc.), and the HhcR protein was expressed with a C-terminal thrombin-His tag in E. coli BL21(DE3) under the T7 promoter. Cells were grown in lysogeny broth medium (50 ml), induced by addition of 0.2 mM isopropyl-␤-D-thiogalactopyranoside, and harvested after 4 h of additional shaking at 37°C. The harvested cells were resuspended in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 7) containing 100 mM NaCl, 0.03% Brij 35, 2 mM ␤-mercaptoethanol, and 2 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich). The cells were lysed by incubation with lysozyme (1 mg/ml) for 30 min, followed by a freeze-thaw cycle and sonication. Recombinant HhcR protein was purified to homogeneity using Ni 2ϩ chelation chromatography. First, for purification of the soluble fraction after centrifugation, Tris-HCl buffer (pH 8) was added to the supernatant (50 mM final concentration), which was loaded onto a Ni-nitrilotriacetic acidagarose minicolumn (0.3 ml) from Qiagen Inc. After washing with starting buffer containing 1 M NaCl and 0.3% Brij 35, the bound proteins were eluted with 0.3 ml of the same buffer supplemented with 250 mM imidazole. Second, the insoluble protein fraction was refolded by resuspension in 8 M urea buffer containing 100 mM Tris (pH 7), 1 M NaCl, 0.3% Brij 35, and ␤-mercaptoethanol with centrifugation, and the supernatant buffer was exchanged with 2 M urea-At buffer by dialysis. After refolding, the protein fraction was loaded onto a Ni-nitrilotriacetic acid-agarose minicolumn and purified to homogeneity by the same procedure as for the soluble protein fraction. The purified proteins were electrophoresed on a 12% (wt/vol) sodium dodecyl sulfate-polyacrylamide gel to monitor size and purity (Ͼ90%). The protein concentration was determined with a Quick Start Bradford Protein Assay kit from Bio-Rad. The HhcR monomer with a C-terminal thrombin-His tag has a predicted molecular mass of 13.8 kDa. The molecular mass of the purified recombinant HhcR protein was calculated by gel filtration to be ϳ24 kDa, which corresponds to the dimer.
DNA-binding assays. The interaction of the purified recombinant M. yellowstonensis HhcR protein with its cognate DNA-binding sites in M. yellowstonensis was assessed using two techniques: electrophoretic mobility shift assay (EMSA) and fluorescence polarization assay (FPA). The single-stranded labeled and unlabeled DNA oligonucleotides were synthesized by Integrated DNA Technologies (see Table S5 in the supplemental material). The double-stranded DNA (dsDNA) fragments were obtained by annealing synthesized complementary oligonucleotides at a 1:10 ratio of 5= labeled with 6-carboxyfluorescein (for FPA) or biotin (for EMSA) to unlabeled complementary oligonucleotides. Using the FPA as-say, we tested three 28-bp DNA fragments and one 37-bp fragment containing the predicted HHC boxes. The 6-carboxyfluorescein-labeled ds-DNA fragments (10 nM) were incubated at 37°C with increasing concentrations of the thrombin-His 6 -tagged HhcR protein (200 to 1,000 nM) purified from the soluble fraction in a 100-l reaction mixture in 96-well black plates (VWR, Radnor, PA) for 30 min. The binding buffer contained 50 mM phosphate buffer (pH 6), 50 mM KCl, 5% glycerol, 0.5 mM EDTA, 2 mM dithiothreitol. Herring sperm DNA (1 g) was added to the reaction mixture as a nonspecific competitor DNA to suppress nonspecific binding. The fluorescence-labeled DNA was detected with the FLA-5100 fluorescent image analyzer. Using EMSA, we tested the hhcR (MetMK1_29590) DNA fragment containing the predicted HHC box. The biotin-labeled 46-bp DNA fragment (0.25 nM) was incubated with increasing concentrations of the recombinant HhcR protein (7.5 to 375 nM) refolded from the insoluble fraction in a total volume of 20 l. The binding buffer contained 50 mM Tris-HCl (pH 8.0), 0.2 M NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.05% NP-40, 2.5% glycerol, and 1 g herring sperm DNA. After 25 min of incubation at 37°C, the reaction mixtures were separated by electrophoresis on a 5% native polyacrylamide gel (100 min; 90 V; room temperature). The DNA was transferred by electrophoresis onto a Hybond-N ϩ membrane and fixed by UV cross-linking. The biotin-labeled DNA was detected with the LightShift chemiluminescent EMSA kit (Thermo Fisher Scientific Inc., Rockford, IL, USA). Additional DNA fragments of the hoxN and thi4 gene upstream regions (see Table S5 in the supplemental material) were used as a negative control.
RESULTS AND DISCUSSION
Identification of the HhcR regulon in Sulfolobales.
A novel putative regulon for the HHC pathway in the Sulfolobales genomes was initially identified by analysis of gene expression data in M. sedula (7, 14) . Using microarray data for autotrophic and heterotrophic growth conditions, we selected the most upregulated HHC pathway genes, namely, accAB, hbcD, hbcS3, and mcmB (see Table S1 in the supplemental material). By applying the motif recognition procedure to a training set of upstream regions of these genes in M. sedula and orthologous genes in other Sulfolobales, we found a common 18-bp DNA motif named the HHC box ( Fig. 2A) . The consensus sequence for this tandem-repeat motif is WWTWWAAAC, where "W" denotes A or T. A recognition profile was constructed and used to scan the Sulfolobales genomes, resulting in identification of additional candidate sites upstream of genes from the HHC and other pathways (see Table S2 in the supplemental material).
The identified HHC box sites upstream of the HHC genes are mostly conserved across the studied Sulfolobales genomes and often overlap a putative archaeal promoter consisting of a TATA box and a purine-rich B recognition element (see Fig. S1A in the supplemental material). Other taxonomic lineages of Archaea lack similar HHC box sites upstream of the autotrophic pathway genes, suggesting that the HHC box regulon (termed the HhcR regulon) is restricted to the order Sulfolobales. The analysis of the genome context and the reconstruction of the HhcR regulons in the Sulfolobales genomes are outlined below and summarized in Table 1 .
The reconstructed HhcR regulons include genes encoding enzymes for 13 out of 16 reactions from the HHC pathway in Sulfolobales (Fig. 1) . Genes encoding acryloyl-CoA reductase (acr), malonate semialdehyde reductase (msr), succinate semialdehyde reductase (ssr), 3-hydroxypropionyl-CoA synthetase (hpcS), 4-hydroxybutyryl-CoA dehydratase (4hbd) (hbcD), 4-hydroxybutyryl-CoA synthetase (hbcS), methylmalonyl-CoA mutase (mcmA and mccB), methylmalonyl-CoA epimerase (mce), acetylCoA/propionyl-CoA carboxylase (accAB and accC), and acetoacetyl-CoA-ketothiolase (ack) have predicted HHC box sites that are conserved in the majority of the studied genomes of Sulfolobales. In contrast, the malonyl-CoA/succinyl-CoA reductase gene mcr has the predicted HHC box sites in only three Sulfolobus spp. (Table 1 ). The previously established bifunctional crotonyl-CoA hydratase/3-hydroxybutyryl-CoA dehydrogenase (hpcD-hbd) from the HHC pathway, which is encoded by Msed_0399 in M. sedula (6), does not belong to the reconstructed HhcR regulon in the Sulfolobales spp. (see Table S1 in the supplemental material). In contrast, the HhcR regulons in Metallosphaera spp. and Acidianus hospitalis contain another candidate 3-hydroxybutyryl-CoA dehydrogenase gene, hbd2 (e.g., Msed_1423 in M. sedula), which is 46% identical to Msed_0399.
Interestingly, the Sulfolobales have at least three 4-hydroxybutyryl-CoA synthetase gene candidates. Msed_0406 (hbcS1) and Msed_0394 (hbcS2), which were recently identified by transcriptomics in M. sedula and showed weak catalytic efficiency with 4-hydroxybutyrate in vitro (7) , are moderately conserved members of the HhcR regulon in Sulfolobales (see Table S2 in the supplemental material). HbcS1 has orthologs only in Metallosphaera spp., and it is preceded by an HhcR site only in M. yellowstonensis. HbcS2 has orthologs in all Metallosphaera spp. and three Sulfolobus spp. and in Acidianus, and it is predicted to be coregulated by HhcR in three out of six genomes, excluding M. sedula. Thus, HbcS1 and HbcS2 can be potentially involved in the HHC pathway, but not in all Sulfolobales. The third previously identified candidate for 4-hydroxybutyryl-CoA synthetase, Msed_1422 (hbcS3), which was inactive in vitro, potentially because it was produced in an inactive form (9) , has orthologs in all but one Sulfolobales genome (the exception is S. acidocaldarius). All hbcS3 orthologs in Sulfolobales are preceded by high-scored HhcR sites, indicating that it is a strong candidate for involvement in the HHC pathway.
In addition to genes from the HHC pathway, the reconstructed HhcR regulons in the Sulfolobales genomes contain genes involved in carbon and energy metabolism, including phosphoglycerate mutase (pgm), propionyl-CoA/acetyl-CoA synthetase (acsA) (9), pyruvate synthase (porGDAB), lactaldehyde dehydrogenase (ladH), thiosulfate::quinone oxidoreductase (doxDA), and ferredoxin-NADP reductase (fnr), as well as a number of other genes of yet-unknown function (Table 1) . For instance, two predicted members of the HhcR regulons encode putative enzymes from the central carbon metabolism-putative acetyl-CoA acetyltransferase (tlsAB) and putative acyl-CoA dehydrogenase (acdB).
In Metallosphaera spp. and A. hospitalis, the HhcR regulons include a hypothetical TF from the COG3355 family (e.g., Msed_2175 in M. sedula), tentatively named HhcR. Orthologs of HhcR were found in all genomes from the order Sulfolobales (with Ͼ52% amino acid sequence identity) but not in other lineages of Archaea. HhcRs are small proteins of 110 to 120 amino acids that contain a winged helix-turn-helix DNA-binding domain from the TrmB family (Pfam ID, PF01978) but lack an effector-binding domain. Other TrmB family regulators in Archaea, including MreA in Methanosarcina acetivorans, that also lack an effectorbinding domain (29) and TrmBs in the Thermococcales that have the effector-binding domain (30) have been characterized as global regulators of the carbon-and energy-converting pathways. We propose that HhcR functions in the global regulation of the HHC and other carbon and energy metabolism genes in the Sulfolobales.
Despite early reports on isolation of the Sulfolobales species describing most of them as autotrophs, subsequent phenotypic studies did not confirm autotrophic growth for S. acidocaldarius and S. tokodaii (31) , although all the predicted HHC enzymes are present in their genomes (see Table S2 in the supplemental material). Since HhcR proteins and their DNA-binding motifs and reconstructed regulons are conserved among all Sulfolobales, it is unlikely that the previously observed phenotypic differences between Sulfolobus species are related to HhcR-dependent regulation.
Experimental validation of HhcR regulons in Metallosphaera spp. (i) HhcR binds the predicted HHC box motifs in vitro.
In order to validate the computationally predicted DNA-binding motif of HhcR, we heterologously expressed and purified the HhcR protein from M. yellowstonensis MK-1 (8) (Uniprot ID, H2C8P4). The recombinant HhcR protein exists as a dimer in solution, supporting the hypothesis that the HhcR dimer binds to the HHC box DNA motif with a tandem-repeat structure. The interaction of the purified HhcR proteins with their cognate DNA-binding sites was assessed using the fluorescence polarization DNA-binding assay (Fig. 3A) . The results show that HhcR specifically binds to the synthetic DNA fragments containing HHC boxes at four predicted target genes in M. yellowstonensis (accAB, trxA, ssr, and hhcR). All tested DNA fragments demonstrated the HhcR concentration-dependent increase of fluorescence polarization, confirming specific interactions between the regulator and DNA fragments. The apparent K d values for HhcR protein interacting with the tested DNA fragments were in the range of 135 to 380 nM (Fig. 3A) . Additional EMSAs confirmed the specific binding between the recombinant HhcR protein and its cognate operator (Fig. 3B) . The HhcR concentration-dependent shift of DNA bands was observed with the hhcR gene DNA fragment containing the predicted HHC box site, whereas the negative-control DNA fragment was not shifted. We also tested the influence of potential effectors (simple carbon sources and HHC cycle metabolites) on protein-DNA interaction; however, the addition of acetate, succinate, or acetyl-CoA had no effect on complex formation (data not shown).
(ii) Expression of HhcR-dependent genes is upregulated under autotrophic conditions. The reconstructed HhcR regulons in M. sedula and M. cupina were compared with available transcriptomics and proteomics data (see Tables S1 and S2 in the supplemental material). As result, 36 genes from the HhcR regulon, including 15 genes from the HHC pathway in M. sedula, were previously shown to have significantly increased expression in cells grown autotrophically compared with heterotrophically grown cells (7, 14) . Thus, the HhcR regulon in M. sedula is consistent with previous transcriptomics analysis except for the absence of an HHC box site upstream of the malonyl-CoA/succinylCoA reductase gene mcr, which exhibited strong expression change (14) that could be explained by the effects of other regulators. In M. cupina, 12 proteins from the HHC pathway and 3 other proteins from the HhcR regulon have significantly increased abundance in cells grown autotrophically versus heterotrophically (32) .
Identification of the DhcR regulon in Thermoproteales. Regulon reconstruction for the DHC autotrophic pathway in Thermoproteales was started with a DNA motif search for genes in T. neutrophilus that were previously determined by comparative proteomic analysis and enzyme activity measurement to be autotrophically induced (15) . Thus, we collected upstream regions of the ppcA, ssr, scr-4hbl, 4hbd-frdAB, ppsA, sucCD, mdh, hpcD, and fumAB genes in T. neutrophilus and their orthologs in other Thermoproteales genomes (see Table S3 in the supplemental material). Using the MEME program, we found a conserved palindromic 21-bp motif with the consensus sequence ATTTTAnATA ATTATAAAAAT (where n is any nucleotide) that was termed the DHC box (Fig. 2B) . The DHC box motif was located upstream of nearly half of the selected T. neutrophilus operons, including ppcA, ssr, scr-4hbl, 4hbd-frdAB, and ppsA, and was conserved in most of the 10 studied Thermoproteales genomes. A DHC box recognition profile was constructed and used to scan the genomes, resulting in identification of additional candidate sites upstream of 20 to 30 genes per genome. False-positive site predictions were eliminated by using the consistency check approach (see Materials and Methods). In addition, selected DHC boxes upstream of the DHC pathway genes were validated by phylogenetic footprinting (see Fig.  S1B in the supplemental material). As result, the reconstructed DHC box regulons (termed DhcR) included 10 to 20 putative target operons that contained up to 40 genes per genome (see Table S4 in the supplemental material). The distribution of predicted DhcR regulon members across the Thermoproteales genomes is shown in Table 2 .
The reconstructed DhcR regulons contain genes encoding enzymes for 8 of 14 reactions from the DHC pathway (Fig. 1) . Genes encoding three different pyruvate synthases (korAB, porGDAB, and porBAG2), as well as phosphoenolpyruvate carboxylase (ppcA), succinic semialdehyde reductase (ssr), 4-hydroxybutyryl- CoA synthetase (4hbl), succinyl-CoA reductase (scr), 4-hydroxybutyryl-CoA dehydratase (4hbd), fumarate reductase (frdAB), and pyruvate-water dikinase (ppsA), have predicted DHC boxes that are conserved in more than 6 out of 10 studied Thermoproteales genomes. These enzymes form two blocks of DHC reactions: (i) conversion of acetyl-CoA to oxaloacetate and (ii) conversion of fumarate to crotonyl-CoA. Interestingly, P. arsenaticum has an incomplete DHC pathway, as the 4-hydroxybutyryl-CoA dehydratase gene 4hbd is missing in its genome, while several other DHC pathway genes (ssr, scr, and frdAB) do not belong to the reconstructed DhcR regulon. However, previous studies demonstrated that P. arsenaticum is able to grow chemolithoautotrophically with carbon dioxide as a carbon source (33) . Additional searches among the candidate members of the DhcR regulon did not help to identify a potential 4hbd gene substitute in the P. arsenaticum genome. Such a candidate potentially is not coregulated by DhcR, like several other DHC enzymes, including succinylCoA synthetase (sucCD), malate dehydrogenase (mdh), crotonylCoA hydratase (hpcD), and fumarate hydratase (fumAB), which do not belong to the reconstructed DhcR regulon in any Thermoproteales genome (see Table S3 in the supplemental material).
Other members of the reconstructed DhcR regulons can be classified into several functional groups ( Table 2 ). The largest and most conserved group includes enzymes involved in carbon and energy metabolism. In all studied Pyrobaculum genomes, we observed multiple paralogs of acetyl-CoA synthetase (acsA) that are potentially coregulated by DHC boxes. AcsA catalyzes the conversion of acetate into acetyl-CoA, an essential intermediate at the junction of anabolic and catabolic pathways. Citrate synthase (gltA) and malic enzyme (mae) belong to the DhcR regulon in 8 out of 10 genomes. Citrate synthase catalyzes conversion of acetylCoA and oxaloacetate to citrate, which can be an interconnection between DHC and 2-oxoglutarate (glutamate) biosynthesis. Malic enzyme catalyzes NAD-dependent decarboxylation of malate into pyruvate. We found potential DhcR-dependent regulation of NADH-quinone oxidoreductase subunit genes (nuo) in all Thermoproteales species except P. aerophilum, which lacks nuo gene orthologs. Interestingly, the nuo genes were often found within the same operon with the porGAB2 genes, encoding one of three pyruvate synthase paralogs. Coupling of the nuo and porGAD2 genes suggests that the NADH-quinone oxidoreductase might be involved in ferredoxin regeneration, as the reduced ferredoxin is involved in the reaction of carbon dioxide and acetyl-CoA condensation by the pyruvate synthase (Fig. 1) . Two genes encoding amino acid biosynthesis enzymes, namely, cystathionine gamma-synthase (metB) and glutamate dehydrogenase (gdhA), are potentially coregulated by DHC boxes in five or six genomes. These reactions are directly linked with the DHC autotrophic pathway, and thus, DHC intermediates could be used as carbon skeletons for amino acid biosynthesis. A branched-chain amino acid transporter (ilvBHMGF) belongs to the reconstructed DhcR regulon in four Pyrobaculum genomes. Finally, the predicted DhcR regulons include multiple hypothetical genes, including at least four orthologous groups of genes encoding CBS domain proteins ( Table 2 ). The CBS domain (PF00571) is a protein domain found in a wide variety of proteins, where it plays a regulatory role in the activity of associated enzymatic domains in response to various ligands (34) . This could suggest a potential role of DhcR-regulated CBS domain proteins as regulators associated with autotrophic carbon dioxide fixation cycle enzyme activities.
Previously, it was shown that a hypothetical 18-kDa protein encoded by Tneu_0751 in T. neutrophilus specifically binds to the common intergenic region of the scr-4hbl and 4hbd-frdAB operons (15) . This regulatory region contains a high-scored DHC box that is conserved in all but one Thermoproteales genome ( Table 2) . P. arsenaticum lacks an ortholog of the 4hbd gene, whereas the scr gene is not preceded by a DHC box in this genome. As previously observed (15) , orthologs of Tneu_0751 were identified in all studied Thermoproteales genomes but not in any other lineages of Crenarchaeoeta (see Table S3 in the supplemental material). We tentatively assigned to Tneu_0751 and its orthologs the role of a cognate transcriptional regulator for the reconstructed DhcR regulon in the Thermoproteales. No potential DHC boxes can be identified in the upstream regions of the dhcR regulator genes in the Thermoproteales. This observation is in agreement with the previously observed constitutive expression of Tneu_0751, suggesting that the DhcR regulator potentially responds to some yetunknown inductor or effector molecule.
Conclusions. Autotrophic carbon dioxide fixation pathways differ significantly between various lineages of Archaea. Species from the phylum Thermoprotei (Crenarchaeota) possess one of the two autotrophic pathways, HHC or DHC (Fig. 4) . Before this work, little was known about the regulation of autotrophic carbon dioxide fixation in Archaea. By using the comparative genomics approach, we identified novel DNA-regulatory motifs associated with the autotrophic pathway genes in archaeal genomes from the Sulfolobales and Thermoproteales lineages. The HHC box motif, which is a tandem repeat of two 9-bp consensus sequences, was found in the Sulfolobales genomes, whereas the DHC box motif, a 21-bp AT-rich palindrome, was found in the Thermoproteales genomes but not in other Crenarchaeota (Fig. 2) . Reconstruction of these global autotrophic regulons in the available genomes from two lineages revealed multiple additional genes involved in carbon and energy metabolism that are potentially coregulated with autotrophic pathway genes. The bioinformatically predicted candidate regulons were assessed using the high-throughput expression data available for several model archaeal species. The predicted function of the candidate HhcR regulator, binding the HHC box motifs in M. yellowstonensis, was experimentally validated by in vitro DNA-binding assays. The DhcR regulator was tentatively attributed to the DHC box regulon in the Thermoproteales based on the previous DNA affinity purification studies in T. neutrophilus. The exact roles of HhcR and DhcR regulators in their predicted transcriptional regulons are yet to be elucidated using the genetic and/or transcriptomics approaches. In summary, this study provides novel insights into transcriptional regulation of autotrophic pathways in two lineages of Crenarchaeota. The phylogenetic species tree was constructed using the concatenated alignment of 78 universal bacterial proteins in the MicrobesOnline database (http: //www.microbesonline.org/cgi-bin/speciesTree.cgi). P. arsenaticum lacks the key enzyme of the pathway, 4hbd; however, despite the fact that its DHC pathway is incomplete, P. arsenaticum was reported to be able to grow chemolithoautotrophically with carbon dioxide as a carbon source.
DhcR regulon
